Abstract Uncarboxylated osteocalcin enhances insulin and adiponectin release and improves glucose tolerance in mice. Data in humans do not unequivocally support a role for osteocalcin in glucose homeostasis. Changes in the amount of uncarboxylated osteocalcin induced by vitamin K or warfarin treatment are not associated with changes in glucose and insulin concentrations. Interventional studies in humans, designed to detect small changes in insulin secretion and action attributable to changes in uncarboxylated osteocalcin, will be required to reliably detect effects of osteocalcin on glucose metabolism and to better understand its interaction with adiposity and adipokines.
Introduction
Much as there has been a growing realization that adipose tissue is not merely a passive storage organ but one that plays an active role in metabolic regulation [1] , so also there has been a long-standing acknowledgment of the fact that the skeletal system is not merely a passive structural organ [2] . Indeed, the skeleton is an active tissue which may play a role in the regulation of whole-body energetics. Bone is a very active tissue with constant remodeling to accommodate weight-bearing, growth and repair. This is accomplished by two antagonistic cell populations-osteoclasts which resorb mineralized bone while osteoblasts deposit osteoid which eventually becomes mineralized. The actions of osteoblasts and osteoclasts are closely coupled but their activity requires a constant supply of energy [3] .
Obesity is a state characterized by a mismatch between energy expenditure and caloric intake leading to adipose deposition. Adipose tissue elaborates various chemokines that may actively regulate energy balance and to some extent bone metabolism. Certainly, excess avoirdupois also affects bone directly through skeletal loading [4] . The opposite scenario, as seen in anorexia nervosa, is associated with striking degrees of bone loss further illustrates the direct relationship between metabolism and skeletal integrity. Both of these examples illustrate the complex interplay between bone and metabolism, given the potential direct role of leptin on bone metabolism [5] , suggesting effects of body weight beyond direct skeletal loading on bone integrity. Moreover, in anorexia nervosa, weight loss is typically associated with downregulation of sex steroid secretion as well as nutritional deficiencies, all of which have direct consequences on skeletal integrity [6] .
As part of an effort to identify bone-derived signaling molecules that could influence metabolism, mouse models lacking osteoblast-specific molecules that are secreted extracellularly were screened for metabolic abnormalities [7] . This process identified mice deficient in osteocalcin who were hyperglycemic as a consequence of decreased b-cell mass and defective insulin secretion. In addition, these mice had increased fat mass and exhibited defective insulin action. In keeping with the observation that osteocalcin-deficient mice have defective b-cell function, osteocalcin infusion in wild-type mice causes insulin secretion and improves insulin action thereby improving glucose tolerance [8] .
Osteocalcin is a peptide secreted by osteoblasts and is present within the bone matrix (it forms 1-2% of bone matrix protein) and within the circulation [9] . It has three c-carboxyglutamic residues (one of which is partially modified) that bind calcium. Osteocalcin c-carboxylation is vitamin K dependent and may affect the action of osteocalcin on glucose metabolism raising the possibility that modulators of osteocalcin c-carboxylation could be used in the treatment of diabetes [10] . In this review, we will examine the in vitro and in vivo evidence for osteocalcin as a regulator of glucose metabolism and discuss what additional evidence is required to accept this role for osteocalcin.
Physiologic Processes Maintaining Glucose Tolerance In Vivo
Glucose concentrations are closely regulated in health because this simple carbohydrate is the main fuel used by various organs [11] . Conversely, prolonged hyperglycemia as observed in diabetes leads to macro-and microvascular complications such as ischemic heart disease, retinopathy, and nephropathy [12] . Adults with diabetes have cardiac mortality rates about 2-4 times higher than adults without diabetes and a risk for stroke that is 2-4 times that of individuals without diabetes. Greater than 60% of nontraumatic lower-limb amputations occur in people with diabetes [13] .
Diabetes is defined by the presence of fasting glucose concentrations [126 mg/dl or glucose concentrations [200 mg/dl 2 h after a 75 g oral glucose tolerance test. Since normal glucose metabolism is defined by a fasting glucose \100 mg/dl and normal glucose tolerance is defined by glucose concentrations \140 mg/dl, 2 h after a 75 g oral glucose tolerance test this enables definition of an intermediate prediabetic state characterized by impaired fasting glucose and/or impaired glucose tolerance [13] . These prediabetic states are characterized by impaired insulin secretion and action and an increased risk of progression to type 2 diabetes [14, 15] . Post-challenge glucose concentrations are a better predictor of diabetes risk as they are a better measure of b-cell function (and other homeostatic mechanisms) than are fasting glucose concentrations [16] .
Glucose tolerance depends first and foremost on insulin secretion, i.e., the ability of the b-cells in the pancreatic islets to respond to hyperglycemia in an appropriate and timely fashion. The timing of the response rather than the magnitude (which is delayed and blunted early in the course of diabetes but not actually deficient over the course of a tolerance test) that is qualitatively different in diabetic versus non-diabetic individuals [17] . It is important to differentiate between physiologic versus non-physiologic stimuli when assessing insulin secretion. For example, the intravenous glucose tolerance test results in the rapid systemic appearance of glucose (a phenomenon not observed with oral challenges) and insulin secretion in two different phases. The first phase (/ 1 ) represents insulin already present in insulin granules, while the second phase (/ 2 ) represents de novo synthesis of insulin. Such distinct phases of insulin secretion are not observed with oral challenges [18] .
Hyperglycemic clamps are a variation of the intravenous glucose tolerance test in which hyperglycemia is maintained for prolonged periods of time at relatively supraphysiologic concentrations (e.g., 300 mg/dl) and is an attempt to measure b-cell reserve, i.e., maximal insulin secretory capacity rather than function in situations relevant to normal physiology [19] . Another example is the glucagon-stimulation test which utilizes a pharmacologic stimulus delivered in a non-physiologic manner to measure b-cell integrity. Although this may be useful in classifying people with diabetes, it has little relevance to the ability of such islets to respond to physiologic stimuli such as meals [20] . Another problem with intravenous tests is that they do not test the integrity of the incretin response-a mechanism that also contributes to the maintenance of glucose tolerance in vivo [21] .
Insulin action is the ability of insulin to stimulate glucose uptake and suppress endogenous glucose production. Insulin secretion can be related to the prevailing insulin action as a disposition index-an expression of the hyperbolic relationship between insulin secretion and action at a given degree of glucose tolerance. The disposition index is perhaps a better descriptor of an individual's (physiologic) b-cell function than indices derived purely from peripheral measures of insulin concentrations alone [22] .
Another important but under-looked aspect to the maintenance of glucose tolerance is the systemic availability of insulin. Insulin is secreted into the portal circulation and is partially cleared by the liver prior to its appearance in the portal circulation [23] . There is some evidence that hepatic insulin clearance is altered in prediabetes and diabetes, suggesting that this process is not passive and may be modulated by impaired insulin action and/or impaired insulin secretion [24] . Glucose effectiveness is the ability of glucose per se to stimulate its own uptake and suppress its own release and is also defective in people with established diabetes [25, 26] .
When calories are delivered orally, the resting stomach volume, the capacity of the stomach to accommodate (by actively increasing its volume via a vagally mediated process) and empty all play a role in determining the systemic appearance of glucose [27] . Caloric liquids appear much more rapidly in comparison to solids and the rate of appearance is affected by fasting gastric volume [28] . However, no differences in the rates of gastric emptying have been consistently demonstrated across the spectrum of glucose tolerance [29] . Differences in gastric emptying are unlikely to play a role in the pathogenesis of type 2 diabetes. More importantly, the appearance of nutrients in the duodenum has been associated with neuro-enteric and enteroendocrine signals collectively known as the ''incretin effect'' which stimulates insulin secretion to a greater degree than when that stimulus is administered intravenously [30] . The 2 principal incretin hormones Glucose-dependent Insulinotropic Polypeptide (GIP) and Glucagon-Like Peptide-1 (GLP-1) are potent insulin secretagogues which also suppress a-cell secretion of glucagon [21] . Decreased secretion of these hormones is not apparent in prediabetes, and this mechanism does not appear to contribute significantly to the pathogenesis of type 2 diabetes [31] . On the other hand, diminished responsiveness of the b-cell (in terms of insulin secretion) to these hormones is apparent in prediabetes and diabetes [32] . Whether this is a defect specific to these secretagogues or is part of a global decrease in b-cell responsiveness to multiple such stimuli remains to be ascertained.
Osteocalcin and Glucose Metabolism
As described in the introduction, mice deficient in osteocalcin are hyperglycemic and have increased adiposity [7] . They are characterized by defective insulin secretion and decreased b-cell mass. In islet perfusion experiments, it acts as an insulin secretagogue and increases insulin gene expression in cultured islets [33] . This is congruent with the observation that infusion of osteocalcin into wild-type mice causes increased insulin secretion and enhances glucose tolerance [8] . Osteocalcin c-carboxylation transforms glutamate residues into c-carboxyglutamate (Gla) residues thereby conferring high-affinity for hydroxyapatite. This explains the abundance of the carboxylated form of osteocalcin in bone [9] . However, both fully carboxylated and undercarboxylated forms of osteocalcin are found in the circulation raising the possibility that one or both isoforms are mediators of the observed actions of osteocalcin.
Such questions are not addressed by the Ocn -/-mouse, and it is conceivable that the observed effects of infused recombinant (uncarboxylated) osteocalcin may be explained by subsequent in vivo carboxylation. Osteocalcin decarboxylation is inhibited by a tyrosine phosphatase ESP. Mice deficient in ESP (Esp -/-) have increased undercarboxylated osteocalcin (ucOC) and are lean with enhanced insulin sensitivity and increased glucose tolerance [7] . This phenotype is also observed in mice with osteoblast-specific deletions of Esp. Interestingly, Esp -/-mice have increased bone resorption due to increased osteoclastic activity, liberating carboxylated osteocalcin (cOC) from the bone matrix [34] . Moreover, cOC can be decarboxylated in an acidic milieu present at the sites of bone resorption [35] . The phenotype seen in these mice can be normalized by the introduction of one mutant Ocn allele, which normalizes ucOC concentrations [34] , or by inhibition of bone resorption using a bisphosphonate.
Since ESP is a tyrosine phosphatase, it is reasonable to hypothesize that the insulin receptor may be a substrate for this enzyme. Indeed, mice with an osteoblast-specific deletion of the insulin receptor are glucose intolerant [36] , and the insulin receptor induces Ocn expression and decreases osteoprotegerin secretion [34] . Osteoprotegerin restrains osteoclast function, and therefore, insulin receptor signaling facilitates the secretion of osteocalcin and its subsequent decarboxylation. Given the effects of ucOC on insulin secretion, this data would suggest the presence of a feed-forward loop so that osteocalcin favors insulin secretion and enhanced osteoblast insulin signaling favors increased elaboration of ucOC.
We previously alluded to the effects of leptin on bone metabolism. Leptin is an adipokine that negatively regulates appetite and stimulates sympathetic output which inhibits bone formation via the b 2 -adrenergic receptor [37] . It also increases the production of RANK ligand which has effects opposite to those of osteoprotegerin on osteoclasts thereby promoting resorption. Although this should favor ucOC release, activation of bone b 2 adrenergic receptors increases ESP expression and osteoprotegerin secretion. Indeed, mice with impaired b 2 adrenergic signaling (AdrB2 -/-) have low ucOC and are glucose intolerant [33] .
Osteocalcin and Glucose Metabolism-Evidence in Humans
There are several implications from this basic research some of which have been examined in humans. Given that glutamate carboxylation or decarboxylation is key to the metabolic role of osteocalcin (at least in rodents) and that Clinic Rev Bone Miner Metab (2013) 11:11- 16 13 carboxylation is vitamin K dependent, an obvious question that arises is whether the ratio of ucOC to cOC is altered by Coumadin or Vitamin K administration and whether such alterations affect glucose metabolism. The second question pertains to the relationship between insulin action and insulin secretion. In healthy humans, as insulin action decreases (e.g., due to weight gain), insulin secretion rises to compensate and maintain glucose tolerance. It is unclear as to how a change in insulin action either through weight changes (which may affect leptin secretion) or through pharmacologic means alters ucOC concentrations. Finally, given the effect of bone resorption on ucOC, it is unclear whether antiresorptive agents such as bisphosphonates alter ucOC and consequently, insulin secretion and action. Binkley et al. [38] have demonstrated that phylloquinone (vitamin K1) supplementation reduces concentrations of serum under c-carboxylated osteocalcin (ucOC) in healthy young and elderly adults, and Bach et al. [39] have demonstrated that low-dose warfarin substantially increases ucOC serum concentrations without affecting prothrombin time or other clotting parameters. To assess whether changes in ucOC are associated with changes in serum glucose or insulin concentrations in humans, we examined total osteocalcin, ucOC and glucose and insulin concentrations in women who had been treated with phylloquinone for 1 year. Reductions in ucOC would be predicted to worsen glucose homeostasis since infusions of uncarboxylated osteocalcin in mice have been shown to improve glucose homeostasis and increase insulin gene expression in isolated islets [8] .
Six and 12 months' of phylloquinone administration produced a *200% decrease in ucOC concentrations. However, despite these dramatic changes in ucOC concentration, glucose and insulin concentrations remained unchanged [40] . Although this study did not demonstrate an increase in serum glucose concentrations following a reduction in ucOC concentrations and suggests that ucOC is not involved in glucose homeostasis in humans, there are limitations to this study that should be kept in mind. First, serum glucose and serum insulin concentrations were studied only in the basal fasting state before and after phylloquinone administration. It is possible that changes in glucose disposition and insulin concentrations might be present in the ucOC-deficient state following the administration of a glucose load. Also, we are unaware of hypoglycemia following the institution of warfarin therapy-which would inhibit the c-carboxylation of vitamin K-dependent proteins [41] -and thereby lead to a significant rise in ucOC concentrations [39] .
In the Baltimore Longitudinal Study of Aging (BLSA), linear regression models were used to test independent associations of leptin, osteocalcin, and adiponectin with insulin secretion and action. Total osteocalcin was measured and found to be negatively associated with insulin resistance as measured by the Homeostasis Model Assessment of Insulin Resistance (HOMA-IR) after adjusting for age, sex, and BMI. There was no effect on insulin secretion as measured by a qualitative method dependent on peripheral insulin concentrations (which as discussed previously reflect both secretion and clearance) [42] . This is in contrast to other data showing an association between osteocalcin and insulin secretion measured by an intravenous glucose tolerance test (a situation with no incretin contribution to insulin secretion) in 149 subjects [43] . Another smaller study has shown a positive association of osteocalcin with insulin secretion measured with an oral glucose challenge which might suggest that osteocalcin does not modulate the effect of incretins on b-cell secretion [44] .
Beyond such observations there are multiple studies demonstrating an inverse correlation of circulating osteocalcin with BMI and other markers of adiposity as well as with the presence of diabetes. Das et al. reported an association of variants in BGLAP (Bone c-carboxy Glutamate Protein gene which synthesizes osteocalcin in humans) with diabetes in African-Americans [45] but this was not replicated in larger well-powered Genome-Wide Association Studies (GWAS) [46] . Most of these studies are observational and cross-sectional in nature and can therefore only show association not causality. Interventional studies designed to detect small changes in insulin secretion and action attributable to changes in ucOC will be required to reliably detect effects of osteocalcin on glucose metabolism and better understand its interaction with adiposity and adipokines in humans.
